Abstract: This paper presents a miniature Fabry Perot twist/rotation sensor. The presented sensor consists of a single lead-in multicore fiber, which has four eccentrically positioned cores, a special asymmetrical microstructure, similar to a truncated cylinder, and an inline semi reflective mirror, all packed in a glass capillary housing. The perpendicular cut lead-in multicore fiber and the inline semi reflective mirror form four Fabry-Perot cavities. The optical path length of each Fabry-Perot interferometer is defined by the distance between mirrors, refractive index and twist/rotation angle of the microstructure in relation to the core positions in the lead in multicore fiber. Optical paths of Fabry-Perot Interferometers are modulated by a structure's twist/rotation, change of structure length, or change of temperature. Each of these parameters modulate the optical path length of the individual interferometers in their own separate fashion, thus allowing independent measurements of twist/rotation, length/strain and temperature.
Introduction
Implementation of fiber optic twist/rotation sensors proved to be a robust and efficient technology in several industrial fields where active monitoring of twist/rotation parameters is essential. However, a greater breakthrough of this technology is restrained due to current fiber optic sensor twist/rotation solutions, employing different configurations of specialty fibers, which either depend on in-line configurations or a combination of specialized gratings [1] . In-line configuration is often limiting in various applications, as it requires physical access to the measurement location from two opposite directions using two lead fibers. Limited fiber bend diameter thus limits the minimum size of the device to impractical dimensions in the cases of applications requiring small sizes or volumes. Sensing systems that depend on (specialized) gratings can be configured for operating in simpler and more compact back-reflection modes, however, like in-line configurations, they employ complex and cost-prohibitive signal interrogation methods which also experience limited temperature stability. For the purpose of miniaturization and simplification, specialty multicore fibers with Fabry-Perot interferometry are presenting themselves as a technology for constructing micro components/structures for exploitation in new twist/rotation sensor designs. Implementation of Fabry-Perot interferometers is already a proven technique for production of compact pressure sensors [2, 3] , strain sensors [4] , temperature sensors [5] and other sensors for measuring a variety of physical parameters [6, 7] . Incorporating a Fabry-Perot interferometer in a twist/rotation fiber sensor presents a unique challenge. Typically, applied pressure, strain, temperature, etc. affect the change in distance between the mirrors of the Fabry-Perot Interferometer. On the other hand, twist/rotation applied to the sensor produces no linear displacement, which, in a homogeneous medium, i.e., glass or air, does not cause a variation in the length of the Fabry-Perot interferometer, thus no change in the optical path length. To overcome this limitation, we introduce an asymmetric microstructure that modulates path length with the respect to twist/rotation of the sensor structure.
Sensor Design and Operation
The proposed sensor is comprised of a single lead-in multicore fiber, with four eccentrically positioned cores, a special asymmetrical microstructure, and an inline semi reflective mirror, all packed in a glass capillary housing (Figure 1b ). An asymmetrical microstructure presents an angle polished piece of fiber. When the sensor is subjected to twist/rotation, the asymmetrical microstructure, inline semi reflective mirror and multicore fiber, with eccentrically positioned cores (Figure 1a) , define four Fabry-Perot Interferometers (FPIs) with rotation-dependent path lengths. By measuring the optical path lengths for all four cores, the proposed sensor enables independent measurements of twist/rotation, strain and temperature. In order to determine the twist/rotation angle of the sensor and the rotation direction, variation of the optical paths' lengths for two diametrical FPIs needs to be acquired. Measurements of the optical path length changes for each FPI were obtained by phase-tracking of characteristic components in a Fourier Transform (FT) of the sensor's Back-Reflected Optical Spectrum (BROS). In our experimental characterization we used a National Instrument NI PXIe-4844 spectral interrogator to acquire sensor spectral characteristics (we performed 80 nm wide sweeps with a 10 Hz repetition rate). These spectral characteristics were then transferred to a Personal Computer (PC) for processing using a custom-developed code in LabView that relied extensively on FT analysis. Each peak corresponds to individual interferometers' round trip times of flight (i.e., interferometers' optical lengths, when multiplied by one half of the vacuum speed of light). In order to observe the small path-length changes of all four FPIs with high resolution, we further calculated/observed those phases of FT components corresponding to all four FPIs' roundtrip times of flights (lengths), i.e., we observed those phases of the FT components where peaks occurred in the amplitude of the FT of BROS. These phase changes corresponded to the interferometers' optical path length variations (ΔOPLN), i.e.,:
Thus, the phase change of the two components corresponding to the round-trip-time of flight of the diametrical FPI in the FT of BROS can be correlated to twist/rotation change as:
where ΔΦ1 and ΔΦ3 correspond to the phase of the diametrical FPIs in the FT of BROS, d corresponds to the distance between two diametrical fiber cores (Figure 1a) , δp corresponds to the angle between the longitudinal axis of the fiber and the polished plane of the microstructure (Figure 1b) . n1 and n2 correspond to the refractive indices of air and silica i.e., 1 and 1.444 respectively.
Experimental Results
The experimental setup is illustrated in Figure 2 . A fan-out unit was used to decouple light from a four core fiber to four separate single core fibers. The sensor was fixed between two clamps. For measuring twist/rotation, the second clamp was mounted on a rotational stage with angular resolution of 0.01°. For measuring elongation, the same clamp was attached to a linear stage with a resolution of 1 μm. In the presented configuration, the sensors' measured ambiguous range was ±90 ° (Figure 3a) , at a resolution of 0.023° (Figure 3b ). The values of the phases calculated from the spectral characteristics of the FPIs using the DFT algorithm were also used to measure the strain and temperature independently from twist/rotation. The sensor was exposed to an elongation, which extended the latter by 4 μm (Figure 4a) . The sensor was also tested for temperature measurements in the range of 25 °C to 125 °C (Figure 4b ). In both cases, the influence of the change in length and temperature on the angle measurement ranged between 0.012° and 0.013° (Figure 5a,b) . 
Conclusions
This paper presented a miniature Fabry Perot twist/rotation sensor with a special asymmetrical microstructure, which allows modulation of the optical path length when the sensor is subjected to twist/rotation. The measured ambiguous range of the sensor was ±90°, at resolution of 0.023°. The sensor was also tested for elongation (extension by 4 μm) and temperature measurements (range between 25 °C and 125 °C), with diminutive influence on the angle measurements, i.e., between 0.012° and 0.013°.
